The mechanisms by which mandibular advancement splints (MAS) improve obstructive sleep apnoea (OSA) are not well understood. This study aimed to evaluate the mechanism of action of MAS by assessing their effect on upper airway structure in patients with OSA. Methods Patients were recruited from a sleep disorders clinic for treatment with a custom-made MAS. MRI of the upper airway was performed during wakefulness in the supine position, with and without the MAS.
INTRODUCTION
Mandibular advancement splints (MAS) are increasingly being used in the treatment of obstructive sleep apnoea (OSA) as an effective alternative to continuous positive airway pressure (CPAP). 1e5 While CPAP remains the 'gold standard' because it is a highly efficacious treatment, there is a need for other treatment options because the clinical effectiveness of CPAP is often limited by poor patient acceptance and tolerance, and suboptimal compliance. 6e8 MAS protrude the mandible with the aim of increasing upper airway calibre and thereby preventing collapse of the upper airway during sleep. 4 However, the mechanisms by which MAS improve OSA are not well understood. Limited studies have identified an effect of mandibular advancement on aspects of the structure and function of the upper airway. 9e16 Importantly, these predominantly used cephalometric x-rays which are limited by their two-dimensional nature. However, soft tissue volumes and movements, and the interaction between upper airway structural parameters and treatment response have never been systematically studied in patients using an oral appliance. A better understanding of the biomechanical mechanisms that mediate the efficacy of MAS may have important clinical implications, including the development of more efficacious appliances, and may improve the selection of patients for this treatment modality.
MRI is a powerful, non-invasive research tool and is probably one of the best methods for assessing the three-dimensional structure of the upper airway lumen and the surrounding soft tissue structures. 17 Therefore, this study aimed to evaluate the mechanism of action of MAS in patients with OSA by assessing their effect on upper airway structure during wakefulness using MRI. Preliminary results of this study have been previously reported in the form of abstracts. 18 19 
METHODS Subjects
Patients were prospectively recruited from a sleep disorders clinic in a university teaching hospital for treatment of OSA with a custom-made MAS. Inclusion criteria included the presence of at least two symptoms of OSA (such as snoring, witnessed apnoeas, fragmented sleep or daytime sleepiness) and evidence of OSA on nocturnal polysomnography (apnoeaehypopnoea index (AHI) of at least 10 events/h). Patients were excluded if there were contraindications to MAS treatment (such as periodontal disease, insufficient number of teeth or an exaggerated gag reflex). Patients with ferromagnetic prostheses, a contraindication to MRI, were also excluded. The study was approved by the institutional ethics committee and written informed consent was obtained from all patients.
MAS Treatment
A custom-made two-piece MAS was used (SomnoDent MAS; SomnoMed, Crows Nest, Australia), the design features and efficacy of which have previously been published. 20e25 To permit MRI of the upper airway with the MAS, the < Supplementary tables are published online only. To view these files please visit the journal online (http://thorax.bmj. com).
appliance did not incorporate the usual adjustable screw mechanism. This modified device is shown in figure 1 . Acclimatisation occurred over a period of 6e8 weeks. During this time, the degree of mandibular advancement was incrementally titrated until the maximum comfortable limit was achieved. For this study, this was achieved by modification of the acrylic coupling mechanism. Since this method of titration was not as convenient as the adjustable screw mechanism, larger increments were used over the standard 6e8 week acclimatisation period, but in all other respects the protocol was identical to that of previously published studies.
20e25
Polysomnography Polysomnography, as previously described, 20 was performed to determine treatment outcome at the completion of the acclimatisation period, and was scored according to standard criteria. 26 27 Apnoeas were defined by a cessation of airflow for at least 10 s in association with oxygen desaturation of at least 3% or an arousal. Hypopnoeas were defined by a reduction in the amplitude of airflow, as measured using nasal pressure or thoracoabdominal wall movement, by >50% of the baseline measurement for >10 s, in association with oxygen desaturation of at least 3% or an arousal.
Treatment outcome
An objective assessment of treatment outcome was made based on the polysomnographic response. In previous efficacy studies, we used a rigorous definition of treatment outcome, with a complete response defined by a reduction of AHI to <5 events/h and a partial response defined by a $50% reduction in AHI. However, for this mechanistic study, we chose to include those who obtained a partial response as a 'responder' because the biomechanical changes that mediate a complete response are likely to be similar to the changes which mediate a partial response. It also reflects clinical practice, with patients often obtaining clinical benefit despite incomplete resolution of OSA. Specifically, 'responders' were defined by a $50% reduction in AHI. 'Non-responders' were defined by a <50% reduction in AHI.
MRI of the upper airway
Spin-echo MRI of the upper airway was performed during wakefulness, with and without the MAS, in random order, using a Philips INTERA 1.5 T MRI scanner (Philips Electronics, The Netherlands) at the completion of the acclimatisation period. With the aid of a gantry beam, the patient's head was positioned with the Frankfort plane perpendicular to horizontal. Foam pads were used to secure the head in this position. MRIs were acquired with a receive-only neck coil. Throughout the scan, patients were asked to breathe normally through their nose and to refrain from swallowing. Patients were also instructed to keep their mouth closed and to maintain a relaxed bite, with the tongue touching the front teeth.
An initial sagittal scan was performed to confirm head position. Contiguous T1-weighted spin-echo images were acquired through the long axis of the airway, centred on the mid-sagittal plane (50 slices, 1.25 mm thickness, 2723512 matrix, field of view (FOV) 240 mm). Axial scans of the upper airway (50 slices, 3 mm thickness, 2243512 matrix, FOV 250 mm) were then acquired from above the level of the nasopharynx to below the level of the vocal cords. The acquisitions were stored in the Digital Imaging and Communications in Medicine (DICOM) format.
Anatomical definitions, measurements and analyses
Volumetric upper airway reconstructions were performed from the axial images with image analysis software (Amira 4.1; Visage Imaging, San Diego, USA) using previously described techniques. 28 29 The analysis involved examining three-dimensional volumes of the following structures: airway lumen, parapharyngeal fat pads, soft palate, tongue (genioglossus and base of tongue muscles) and lateral pharyngeal walls. The anatomical definitions, measurements and analysis strategies used have been previously validated. 30 The upper airway was divided into three segments (see figure 2 ): velopharynx (from the hard palate to the tip of the uvula), oropharynx (from the tip of the uvula to the tip of the epiglottis) and hypopharynx (from the tip of the epiglottis to the level of the vocal cords). Airway length was defined by the sum of the thickness of the axial images for the velopharyngeal, oropharyngeal and hypopharyngeal segments. The movement of soft tissue structures (parapharyngeal fat pads, soft palate, tongue and lateral pharyngeal walls) in response to mandibular advancement was assessed using the centroids of these structures (ie, the point designated by the mean of the coordinates of all the points in the set). The following cephalometric measurements were performed: sellaenasioneA point (SNA) angle, sellaenasioneB point (SNB) angle, A pointenasioneB point (ANB) angle, basionesellaenasion (BaSN) angle, mandibular plane angle, and distance between anterior nasal spine and gnathion (ANSeGn, a measure of lower anterior facial height). As indicators of hyoid position, the following measurements were also performed: distance between hyoid and C3 vertebra (HeC3), distance between hyoid and posterior nasal spine (HePNS) and distance between hyoid and gnathion (HeGn). The mid-sagittal image was used to derive cephalometric measurements, with the exception of the mandibular plane angle which was obtained from three-dimensional reconstructions, and we have shown good intraobserver reproducibility using this technique (mean coefficient of variation 1.860.7%) when making repeated measurements on the same images. Skeletal class was determined based on the ANB angle: class I skeletal pattern (ANB angle 2e48), class II skeletal pattern (ANB angle >48) and class III skeletal pattern (ANB angle <28). 31 These cephalometric measurements are shown in figure 3 .
Statistical analysis
Statistical analyses were performed using a statistical software package (SPSS 13.0 for Windows; SPSS, Chicago, Illinois, USA). Descriptive statistics for clinical characteristics of patients and MRI parameters are presented as means6SD and means6SEM, Figure 1 The custom-made two-piece mandibular advancement splint (MAS) used in the study (a modification of the SomnoDent MAS). To permit MRI of the upper airway with the MAS, the appliance did not incorporate the usual adjustable screw mechanism.
respectively. Continuous variables were normally distributed and compared using the Student t test. Categorical variables were compared using the c 2 test. Statistical significance was accepted if the p value was <0.01 in order to account for multiple comparisons.
RESULTS Subjects
Sixty-nine patients with OSA were recruited for treatment with a custom-made MAS. The clinical characteristics of these patients are shown in table 1. In these patients, 17.4% had a normal skeletal class (class I occlusion), 34.8% had a class II occlusion and 33.3% had a class III occlusion. As the focus of the study was imaging of the upper airway and did not include the nasion in all patients, there was a proportion of patients (14.5%) in whom the skeletal class could not be determined. However, patients for whom skeletal class could not be determined did not differ with respect to age, gender, body mass index (BMI) or baseline AHI (data not shown). The mean amount of mandibular advancement was 6.562.3 mm, representing 76.1612.8% of maximum mandibular protrusion. A volumetric reconstruction of the upper airway is shown in figure 4 .
Treatment outcome
Treatment with MAS reduced the AHI from 27.0614.7 events/h to 12.2612.5 events/h (p<0.001), with 36.2% of patients achieving a post-treatment AHI of <5 events/h. Of the 69 patients who participated in this study, 47 patients were responders and 22 patients were non-responders. There was no significant difference between responders and non-responders in the degree of mandibular advancement. In responders, treatment 3 ; p<0.001) and was mediated by an increase in its lateral dimensions (1.6760.07 cm vs 1.9160.07 cm; p<0.001), rather than antero-posterior airway dimensions. There was no change in airway length with mandibular advancement. The changes in airway volumes with mandibular advancement are shown in table 2. With respect to cephalometric parameters, mandibular advancement resulted in an increase in the lower anterior facial height (6.860.1 cm vs 7.560.1 cm; p<0.001) and reduced the distance from the hyoid to the posterior nasal spine (7.460.1 cm vs 7.260.1 cm; p<0.001). Mandibular advancement was also associated with lateral displacement of the parapharyngeal fat pads away from the airway (right parapharyngeal fat pad 0.1760.02 cm; left parapharyngeal fat pad 0.2260.02 cm) and anterior positioning of the base of tongue muscles (0.3360.03 cm). The cephalometric changes and movement of the centroids of soft tissue structures are shown in table 3 and supplementary tables E1 and E2, and the movement of the centroids of soft tissue structures is depicted in figure 5 .
Comparison of airway structure in responders and non-responders
At baseline, there were no significant differences between responders and non-responders with respect to the volumes of the airway and soft tissue structures, skeletal class or cephalometric measurements (see supplementary ; p<0.01). The effect of mandibular advancement on velopharyngeal volume was also observed within the subset of complete responders (6.260.6 cm 3 vs 7.260.7 cm 3 ; p<0.01). In contrast, there were no changes in the airway parameters in non-responders. These results are shown in table 4. Representative axial images of the upper airway from a responder and non-responder are shown in figure 6 . Volumetric reconstructions of the upper airway from a responder are shown in figure 7 . Although there were subtle differences in the cephalometric changes and the movement of soft tissue structures between responders and non-responders, Figure 4 Volumetric reconstruction of the upper airway. The structures shown are: airway lumen (blue), soft palate (purple), tongue (red), parapharyngeal fat pads (yellow), lateral pharyngeal walls (green) and mandible (white). The MAS is shown in grey. these were not statistically significant (see supplementary tables E1 and E2).
DISCUSSION
Our study is the largest to use sophisticated volumetric upper airway analyses to provide a detailed evaluation of the impact of mandibular advancement on the upper airway and surrounding soft tissue structures in patients with OSA. Our study challenges the traditional thinking that the primary mechanism of action of MAS is to cause mechanical advancement of the mandible and increase the antero-posterior dimensions of the oropharynx, thereby preventing collapse of the upper airway during sleep. 4 A key finding of this study is that mandibular advancement improves the calibre of the upper airway, but this occurs predominantly due to an increase in the volume of the velopharynx and is mediated by an increase in its lateral dimensions. These airway effects are associated with a number of bony and soft tissue changes, including an increase in lower anterior facial height, raised position of the hyoid, lateral displacement of the parapharyngeal fat pads away from the airway and anterior positioning of the base of tongue muscles. This work extends the findings of a previous study using nasopharyngoscopy which demonstrated that mandibular advancement improves the calibre of the velopharyngeal segment of the upper airway.
14 While the precise reason for this effect on velopharyngeal patency is not resolved by our study, it is likely that soft tissue connections between the mandible, tongue, lateral pharyngeal walls and soft palate within the palatoglossal and palatopharyngeal arches are stretched by mandibular advancement, 32 resulting in lateral enlargement of the velopharynx. Both the previous study using nasopharyngoscopy 14 and this study also found changes of smaller magnitude in the oropharyngeal and hypopharyngeal segments of the upper airway; however, their relative contribution to the therapeutic effect of MAS is unclear. These findings are analogous to studies using MRI to assess the mechanism of action of other therapeutic interventions, such as CPAP. 33 34 Upper airway dilation as a result of the application of CPAP occurred particularly in the lateral dimension, with progressive increases in CPAP resulting in increasing airway volume and thinning of the lateral pharyngeal walls. 34 Another important and novel finding of our study is that there were no significant differences between responders and non-responders with respect to the volumes of the airway and soft tissue structures at baseline. Similarly there were no significant differences in cephalometric measurements at baseline. The clinical implication of this finding is that it is not possible to predict treatment response based on these anatomical characteristics, a consideration which is relevant to the selection of patients for MAS treatment. Interestingly, subanalyses in responders and non-responders showed that the increase in total airway volume with mandibular advancement was observed only in responders. This finding could have clinical relevance in the prediction of treatment outcome. However, although there were subtle differences in the cephalometric changes and the movement of soft tissue structures between responders and non-responders, these were not statistically significant.
The study cohort was typical of a population of patients with OSA seen in a sleep disorders clinic, with a broad range of anthropomorphic characteristics and OSA severity, and thus the results of this study are likely to have good generalisability. However, there are several limitations of this study. By design, this imaging study focused on structural parameters, and did not take into consideration the potential additional role of upper airway functional properties (such as neuromuscular factors and airway collapsibility). Furthermore, although we applied an innovative method to examine the movement of soft tissue structures using their centroids, this is an oversimplification of the changes in soft tissue anatomy, including changes in the morphology of individual structures. Other methods of evaluating these subtle changes (eg, finite element analyses) may be necessary to quantify the differences. The study was also performed during wakefulness, and thus the effects of mandibular advancement observed in this study may not be identical to the changes that occur during sleep. Nevertheless, upper airway imaging during wakefulness has strong relevance to defining the structural changes associated with mandibular advancement and the need to develop methods for predicting treatment response that can be implemented into clinical practice. Because the spin-echo MRI scans occurred over several minutes, resulting in averaging of data over many respiratory cycles, we were unable to assess dynamic changes in the airway with and without the MAS. Other imaging modalities, such as anatomical optical coherence tomography, may be better for this purpose. Finally, the custom-made MAS used in this study was of a single device design, which may limit the extent to which the results can be generalised to other devices as different device designs could produce different effects on upper airway Figure 6 Representative axial images from a responder and non-responder. In the responder, mandibular advancement can be seen to increase the calibre of the upper airway. This effect does not occur in the nonresponder. structure. The study of the effect of different oral appliances on the upper airway may have implications for the choice of an oral appliance for individual patients. Thus, future studies should assess the effect of oral appliance design on a range of biomechanical properties of the upper airway.
With MAS
In conclusion, this study suggests that the mechanism of action of mandibular advancement is to increase the calibre of the upper airway, predominantly as a result of an increase in the volume of the velopharynx, and is mediated by an increase in its lateral dimensions. The effect of mandibular advancement on the calibre of the upper airway appears to differ between responders and non-responders, with the increase in upper airway calibre with mandibular advancement occurring only in responders. These findings provide novel and fundamental insights into the mechanism of action of MAS, and lay the foundation for future studies aimed at further defining the mechanism of action of MAS, and the factors determining treatment outcome.
